This paper examines the performance of three climate re-analysis datasets in Angola, namely the ERA-40, NCEP-r1 and JRA-55, by comparing annual and seasonal estimates of precipitation, surface air temperature and evaporation with ground observation measurements. The observational dataset describes a region poorly covered by international climate databases and it is believed that most of its data have not been used in the data assimilation procedures of the climate models. This paper therefore provides a fresh look at the performance of these climate reanalysis datasets in a vast area where distance and civil war have hindered ground monitoring efforts. The re-analysis exercises offer better temperature estimates than precipitation estimates. When offered, the evaporation estimates from all three products are very poor. The three products are able to describe the main features of the spatial distribution of average annual precipitation and temperature, but struggle to reproduce the temporal changes of these variables. The results from a set of performance criteria show that the correlation between the observed ground measurements and re-analysis estimates is poor overall and the NSE values indicate that the average measured value at each location is usually a better estimate than the reanalysis estimate.
Introduction
Water management requires quantitative and reliable information on the spatial and temporal changes of hydro-meteorological variables, which is usually obtained by analysing large datasets of ground (or in situ) monitoring records. The effort required to acquire these datasets is very costly in large countries with sparse road networks, as in the case of Angola. Consequently, the number of ground monitoring stations is being reduced worldwide (Vörösmarty et al. 2000) . In Angola, the mobility and cost problem was further aggravated by the civil war which, until recently, barred travelling within the country and prevented proper maintenance of most monitoring stations.
The use of remote sensors installed in satellites can be very useful in overcoming this problem, and there are now a number of standard products that routinely offer estimates of precipitation and surface air temperature at regularly spaced locations (grid) and at regular time intervals (few hours), which may be used to improve the description of the spatial-temporal changes of these variables (Sapiano and Arkin 2009, Maidment et al. 2012) . Several studies have evaluated the performance of these standard remote sensing products in Africa by comparing monthly and annual estimates with ground gauge records (Nicholson et al. 2003 , Hughes 2006 , Beighley et al. 2011 . Pombo et al. (2015) evaluated the performance of four remote sensing products in Angola to estimate annual and monthly precipitation and concluded that TRMM 3B43 (Kummerow et al. 1998) provided the most consistent and least biased estimations.
A possible alternative to remote monitoring is the use of datasets obtained from climate re-analysis exercises. A re-analysis exercise runs a numerical weather forecast model using climate data observations gathered from many different sources, which are continuously fed into the model as control or frontier conditions. The model works as a sophisticated time and space interpolation mechanism and the end result is a decades-long estimate of the past record of different climate variables at a grid-spaced set of points. These exercises are mainly performed to better understand all aspects of the Earth's climate system but their results may be useful to complete or complement the climate variables monitoring records (Trenberth et al. 2008) .
This article evaluates the performance of three reanalysis exercises, namely NCEP-r1, ERA-40 and JRA-55, with the goal of confirming whether readily available standard re-analysis products are accurate enough and of interest for water management studies in areas where ground monitoring data are scarce. The paper also analyses the estimation errors of the re-analysis exercises to verify whether it is possible to correct the re-analysis estimates and obtain a better fit with the ground measurements in Angola. It is not our goal to propose specific and concrete changes to the algorithm used in the re-analysis exercises. Instead, we aim to verify whether there is a correction procedure to be applied by practitioners on the final results of the reanalysis exercises.
The paper is organized as follows. Section 2 briefly presents the geography of Angola and the country's hydrological monitoring network. Section 3 describes the applied methodology and Section 4 presents the results obtained. Finally, Section 5 discusses the results and draws conclusions.
Angola geography and hydrological monitoring network
The Republic of Angola is located on the western Atlantic coast of southern Africa between Namibia and the Democratic Republic of the Congo. It is the fifth largest African country, with an area of 1 246 700 km 2 and a western ocean front of 1650 km (Fig. 1) . The centre of the country is a sequence of plateaus lying at an altitude of 1000-2000 m, and covering around 60% of the territory. The highest peak is Monte Môco, in Huambo province, which reaches 2620 m. Tributaries of the main African rivers have their origins in this central plateau, with water courses flowing north towards the Zaire (or Congo), east towards the Zambezi, southeast towards the Okavango and southwest towards the Cunene.
Angola's climate is largely determined by (i) the presence of a high-pressure centre in the South Atlantic and of a low-pressure centre in the continent; (ii) the cold Benguela Current that flows west-east; and (iii) the land topography, with the dominating central plateau with an altitude of more than 1000 m (Fig. 1) . The climate varies considerably from the coast to the central plateau and even between the north and south coasts. The north, from Cabinda to north of Luanda, has a damp, tropical climate. South of Luanda and along the coast towards the Namib Desert in the southwest, the climate varies from dry tropical climate to a hot desert climate, where rainfall is scarce (Pombo et al. 2015) . Namibe, in the southwest of the country, registers a mean annual precipitation of 50 mm year −1 . The northern, eastern and central regions have a humid tropical climate, with average annual precipitation above 1250 mm year −1 . There are two seasons controlled by the movement of the Inter-Tropical Conversion Zone (Lars 2004 ): a dry, cool season from June to late September, and a rainy, hot season from October to April or May with, on average, over 95% of annual rainfall.
The oldest monitoring station in Angola is João Capelo, installed in 1857 in the capital city of Luanda. From 1940 onwards a significant effort was made to create a structured hydro-metrological monitoring network, and in 1974 Angola had a structured precipitation monitoring network with 464 gauges stations with more than 5 years of complete data. The number of stations measuring surface air temperature and evaporation was considerably lower. Surface air temperature was measured with thermometers and evaporation with Piche evaporimeters, both placed in shelters.
During the civil war that followed the country's independence in 1975, many of the stations were destroyed, and presently Angola has a sparse monitoring network with only 16 stations located in the main cities remaining in operation, clearly an insufficient number for this vast country. The end of the civil war provided the opportunity to increase the investment in monitoring activities. Table 1 presents the number of stations with monthly precipitation and evaporation and monthly surface air temperature records with more than 5 years of complete records but with varying record lengths and degrees of data completeness. A period of 15 water years, from October 1959 to September 1974, was selected as the reference, assuming a compromise between the number of available stations and their record lengths. All stations with less than 10% of missing data in the reference period were considered. Figure 2 presents the locations of the 130 precipitation stations, 61 temperature stations and 55 evaporation stations used in the study (Pombo et al. 2015) .
Quality control and homogenization has to be undertaken prior to any data analyses in order to eliminate any erroneous values and non-climatic biases in the time series. Double mass plots and tests on partial means with a confidence interval of 95% were used to check the homogeneity of the annual data series (Pombo et al. 2015) .
Methodology

Climate re-analysis products
Standard climate re-analysis products offer annual and seasonal estimates of precipitation, air temperature and evaporation, and their results are now readily and easily available for use by water managers, without requiring any deep understanding of the numerical climate simulation methodology that supports the estimation of these variables.
The first generation of atmospheric re-analysis exercises was developed in the mid to late 1990s at the US National Oceanic and Atmospheric Administration's (NOAA) National Centers for Environmental Prediction (NCEP/NCAR; NCEP-r1), at the European Centre for Medium-Range Weather Forecasts (ECMWF; ERA 15) and at the Japanese Meteorological Agency (JMA; JRA-25). A second-generation global re-analysis includes the ERA-40 (ECMWF) and JRA 55 (JMA) exercises.
This article evaluates the performance of three reanalysis exercises, namely NCEP-r1, ERA-40 and JRA-55, using a common period of 15 years, from October 1960 to September 1974 ( Table 2 ). All exercises assimilate observations in time intervals of 6 hours, with the first two using a three-dimensional variational data assimilation (3D-Var) analysis and the latter using a 4D-Var analysis. Data assimilation is the process by which observations are incorporated into a numerical forecast model of a real system. The process advances by analysis cycles and, in each cycle, observations within a given assimilation window are combined with the model results to produce the "best" estimate of the state of the system, balancing the uncertainty in the observational data and in the model forecast. The 3D-Var analysis assumes a steady-state condition within the assimilation window, whereas 4D-Var analysis uses the forecast model to predict the change in time of the state of the system (Gauthier et al. 2007 ). The NCEP-r1 was the first re-analysis project of its kind for NOAA and used a wide variety of weather observations from ships, planes, radiosonde observation (RAOBs), station data and satellite observations (Kalnay et al. 1996) , covering the period from January 1948 to the present. The resolution of the global reanalysis model is T62 (209 km). The dataset used in this research was downloaded from http://www.esrl. noaa.gov/psd/data/gridded/data.ncep.reanalysis.html.
The ERA 40 (Uppala et al. 2006 ) is the second reanalysis project from ECMWF and is a global atmospheric re-analysis exercise covering 45 years, from September 1957 to August 2002. Many meteorological observation sources were used, including radiosondes, balloons, aircraft, buoys, satellites and scatterometers. The resolution of the global re-analysis model is T159 (about 125 km). The dataset used in this research was downloaded from http:// data-portal.ecmwf.int/data/d/era40_daily/.
JRA-55 (Kobayashi et al. 2014 ) is the second reanalysis project from JMA, covering 55 years starting from 1958, when regular radiosonde observations began on a global basis. The spatial resolution is TL319 (about 55 km). The dataset used in this research was downloaded from http://rda.ucar.edu/#!lfd?nb= y&b=proj&v=JMA Japanese 55-year Re-analysis.
Performance indicators
The quality of annual and seasonal estimates of rainfall, air temperature and evaporation from the three re-analysis datasets was evaluated by comparing them with measurements from ground stations. When comparing estimates from re-analysis exercises against ground station measurements, the different spatial scales of the two datasets have to be carefully considered, as re-analysis exercise dataset estimates are offered in a grid format and ground measurement values exist only at specific locations.
The short period of concurrent ground measurements and re-analysis exercise estimates from the different data sources adds another difficulty when comparing the datasets. The civil war in Angola that started in 1974 compromised the country's meteorological observation effort during the period when the reanalysis exercises became available. Consequently, the number of simultaneous estimates from ground stations and re-analysis exercise estimates is small for such a large country as Angola.
To overcome these challenges, several approaches were followed to compare the estimates from re-analysis exercise estimates with ground station measurements. Although subjective in nature, a simple visual comparison of mean annual value maps is one way to compare the spatial distribution patterns of both datasets. To help the comparison of each set of maps, north-south transects along three longitudes were computed. The analysis was performed for the common period of 15 years from 1959/ 60 to 1973/74; the maps obtained from ground measurements at each monitoring station and from the re-analysis estimates at each grid cell were computed using co-kriging interpolation, with the terrain elevation as the independent variable (Deng 1986 , ESRI 2003 . The use of co-kriging for spatial interpolation of rainfall or temperature over complex terrain has been suggested as way to improve performance when compared to inverse distance weighting (IDW) and ordinary kriging (Buytaert et al. 2006, Cedeño and Cornejo 2008) . Although these maps and transects provide an overall view of the performance of each re-analysis exercise and of their ability to offer regional estimates of the climate variables, the poor density of the monitoring stations in some parts of the country hinders any accurate validation of the products.
A second type of analysis uses scatterplots to compare estimates of annual and seasonal precipitation, mean temperature and annual evaporation obtained from reanalysis exercises with concurrent ground measurements observed at specific meteorological stations. The re-analysis exercise-based estimates at each station site were computed by interpolating the estimates of the four adjacent grid points, assuming that each value refers to the middle point of the cell. The comparison was made for 130 ground stations in the case of precipitation, 61 ground stations in the case of temperature and 55 ground stations in the case of evaporation (Fig. 2) . From each scatterplot the following performance indicators were computed: (a) slope of the linear regression line relating the gauge observations and the re-analysis exercise estimates, without intercept; (b) bias; (c) root mean square error (RMSE); (d) Nash-Sutcliffe efficiency (NSE); (e) Pearson correlation coefficient (r); and (f) the coefficient of determination (R 2 ) associated with the previous linear regression.
The slope of the linear regression is an indicator of the re-analysis exercise's systematic deviation from the observed values, i.e. its tendency to overestimate or underestimate them. Values greater than 1 indicate a tendency to overestimate ground measurements, whereas values smaller than 1 depict the opposite trend.
The bias is also an indicator of the estimation error trend at a given site s and can be computed by:
where R s,t and and G s,t are the re-analysis exercise estimate and the ground measurement, respectively, at site s and time t. The bias measures the systematic deviation of the estimates from the observed values and is expressed in mm or°C. Positive values of bias indicate an overestimation trend, and negative values an opposite trend. The mean normalized bias (Nbias) is given by:
where G s is the mean of G s;t for site s. When analysing the dataset as a whole, for all sites, the non-normalized bias can be computed by Equation (3), where S is the number of sites in the dataset:
The RMSE and the mean normalized RMSE (NRMSE) at a given site s can be computed by:
The RMSE is an indicator of the mean absolute error for any given estimate and is expressed in mm or°C, while NRMSE is expressed as percentage. Bias and RMSE measure two distinct properties of the dataset, as a re-analysis product can provide unbiased estimates with a value of RMSE significantly different from zero. The overall RMSE of a product considering all sites in the dataset, can be computed by:
The NSE for the estimates at a given site s is given by (Nash and Sutcliffe 1970) :
The NSE has no units and indicates the prediction skills of the estimate, relative to a reference, in this case the gauge mean. It varies from −∞ to 1, 1 being the perfect skill. Negative values of the NSE mean that the observed mean is a better predictor than the estimated value, 0 means that the observed mean is as good as the estimate, and positive values show good prediction skill (Schaefli and Gupta 2007, Gupta et al. 2009 ). To estimate the prediction skills of a product, independently of each site, one can compute the NSE by:
The Pearson correlation coefficient, r, measures the linear correlation between ground measurements, G s,t , and satellite estimates, R s,t , and ranges between −100% and +100%. The coefficient of determination, R 2 , describes the proportion of the variance of ground measurements, G s,t , explained by a linear function of re-analysis exercise estimates, with a null intercept,Ĝ s;t . It can assume negative values, meaning that the mean of the ground measurements is a better fit than the linear model estimates, and is computed by:
Higher values of r and R 2 indicate that is possible to establish a linear relationship between the re-analysis exercise estimate and the ground measurement, which can be used to correct the estimate.
Together, these indicators allow overall evaluation if the re-analysis exercise is able to consistently provide accurate estimates of ground measurements.
A third type of analysis uses the Nbias, NRSME and NSE indicators to verify whether the accuracy of the reanalysis exercise's seasonal precipitation and temperature estimates varies significantly with altitude, a key factor in the spatial distribution of these variables. Figure 3 shows the mean annual precipitation maps for the period 1959/60-1973/74 obtained from in situ data and from the climate re-analysis datasets. The maps show a similar spatial distribution in all datasets, with a clear decreasing trend from the northeast to the southwest. All climate re-analysis exercises provide an estimate of the mean areal annual rainfall in Angola that is lower than the estimates obtained with the in situ data (1098 mm). JRA-55 provides the highest estimate (970 mm), whereas NCEP-r1 provides the lowest estimate (876 mm). The spatial distribution obtained from JRA-55 estimates is the most similar to that obtained from ground measurements (Fig. 3) , a possible benefit of using 4D-Var data assimilation.
Analysis of results
Precipitation
To facilitate the comparison between these maps, Figure 4 presents the transect of each climate re-analysis exercise estimate of the annual precipitation along three north-south lines, at longitudes 13°50ʹE, 17°35ʹE and 20°20ʹE, and compares them with the transects obtained from observed measurements. Figure 2 shows the locations of the transects, together with the location of the monitoring stations, and is clear that the reduced number of monitoring stations in the interior of the country constrains the accuracy of the in situ transects. Nevertheless, Figure 4 shows that, at longitudes 17°35ʹE and 20°20ʹE, the profiles obtained from climate re-analysis follow the in situ data profile, although always with lower values. At longitude 13°5 0ʹE, the transect closer to the ocean, the climate reanalysis transects follow the in situ profile from 7°50′S to 11°50′S, but diverge at latitudes further south than 11°50′S. This area corresponds to the Lubango region, which lies at an altitude above 1500 m, overlooking the Namib Desert by the coast, and registers a mean annual precipitation close to 1000 mm year −1 . The climate re-analysis exercises fail to predict the specific local condition of this area.
In Situ
ERA-40 NCEP-r1 JRA-55 Figure 5 shows the annual precipitation and seasonal precipitation values obtained from the re-analysis datasets against in situ records from 1959/60 to 1973/ 74, with each point representing a monitoring site and one year or season. All products show a positive Pearson correlation coefficient with the ground records, although with a large dispersion around the regression line. The large RMSE and low NSE values show the poor precipitation prediction ability of all products. The trend to underestimate annual precipitation and wet season precipitation is clear, as well as the poor prediction power of the products for the dry season. For annual precipitation and wet season precipitation, JRA-55 offers estimates with a lower underestimation error (shown by the slope of the regression line and the negative bias values), whereas NCEP-r1 shows higher regression coefficients. The NSE values computed with Equation (8) are all negative, showing that the observed mean annual precipitation in each monitoring station is usually a better estimate of annual precipitation than the re-analysis estimate. If the NSE statistic is computed using the mean annual precipitation over the whole country as the reference benchmark (a less demanding benchmark), the statistic values improve significantly and a positive value is obtained for the annual precipitation estimates from ERA-40 and for the dry season precipitation estimates from NCEP-r1, showing that the re-analysis exercises are able to reproduce the spatial distribution of annual and seasonal precipitation. In addition, although the global NSE values computed for the ensemble of all gauge locations (Fig. 5 ) are negative, some NSE values computed by Equation (7) for specific gauges are positive, showing that for some locations the re-analysis exercises are able to provide estimates that are better than the observed mean precipitation in that location. The product with a higher number of locations with positive NSE values is the ERA-40 (13 out of 130 gauges) and most of these 13 gauges are located northwest of Malange. The poor performance of the re-analysis exercises in the southeastern part of the country may be related to the poor monitoring network in this area and to the fact that no data were available for the climate simulation models used in the re-analysis exercises. Figure 6 shows the mean normalized bias (Nbias, %), the mean normalized root mean square error (NRMSE, %) and the Nash-Sutcliffe efficiency (NSE) between the annual precipitation estimates from each climate re-analysis exercise dataset and the observed annual precipitation records in each monitoring station. These statistics are plotted against the altitude of each station and show that there is no clear and consistent relationship between the statistic values and altitude, with the possible exception of Nbias. All products seem to overestimate annual precipitation by the coast and underestimate it above 500 m. Precipitation estimation by the coast is challenging due to its land-ocean interface characteristics and because the scale adopted by the climatic models used in the re-analysis exercises to describe the terrain characteristics may not be sufficiently accurate. The region above 500 m corresponds to the interior of Angola where precipitation gauges are scarce. The precipitation estimates are poor most probably because no data were available for the climate simulation models.
The NRMSE values shown in Figure 6 are quite significant, usually above 20%, and do not show any increasing or decreasing trend with altitude. The NSE values are all negative, showing that the observed mean annual precipitation at each monitoring station is a better estimate than the re-analysis value. The correction of the bias of the re-analysis exercises improves the NSE values, but these remain negative even after the correction, suggesting some randomness of the estimation error. Yang and Wang (2012) verified a number of East Asia summer monsoon numerical simulations and concluded that the use of the ensemble means of the different regional climate models reduced the estimates bias. In Angola, the use of the ensemble means of the re-analysis exercises improves the NSE and RMSE values, but the changes in r and bias are not always toward better values (Table 3) . datasets are able to capture the general spatial distribution pattern of the in situ observations. Figure 8 shows the corresponding transects, illustrating that all products struggle to predict annual mean temperature along longitude 13°50ʹE, the transect closest to the coast. The NCEP-r1 follows the remaining two in situ transects more closely, while JRA-55 presents a similar profile, although with larger values. The failure to predict annual mean temperature along longitude 13°50ʹE occurs mainly in the coastal Sumbe region and in the high-altitude Lubango region, where in situ temperature drops significantly. The climate re-analysis exercises seem to fail to predict the specific local conditions of these areas. Figure 9 shows the mean annual temperature values obtained from the re-analysis datasets against the ground records for the 1959/60-1973/74 period, with each point representing a monitoring site and one year or season. The NSE values computed with Equation (8) are all negative, showing that the observed mean annual temperature at each monitoring station is usually a better estimate than the re-analysis estimate. The NSE values obtained for temperature estimates are, however, higher than those obtained for precipitation. In addition, if the NSE statistic is computed using the average annual temperature over the whole country as the reference benchmark, positive values, higher than 0.9, are obtained by all products for both the annual and seasonal estimates, showing that the re-analysis exercises perform better when estimating temperature and are able to reproduce the spatial distribution of annual and seasonal mean temperature. For four specific locations, the ERA-40 product provides estimates that have a zero NSE value, when computed by Equation (7).
Temperature
The NCEP-r1 offers estimates with a lower bias, with a slight trend to overestimate mean annual and seasonal temperatures, and JRA-55 with larger bias, always overestimating temperature. The RMSE values for all products are similar, with no product showing a clearly better performance than the others. The set of outlier points seen in the upper left corner of each plot are from five monitoring stations located in the above-mentioned Lubango region, where the temperature is much lower than that of the surrounding region. By removing these five monitoring stations from the dataset, the values of r, bias, RMSE and
In Situ
ERA-40 NCEP-r1 JRA-55 NSE improve significantly, with r for the mean annual temperature always higher than 73.1%, and the RMSE always smaller than 1.5°C. In Figure 10 , the performance indicators are plotted against the altitude of each station to evaluate the performance of each climate re-analysis exercise. The plots show an increasing Nbias with increasing altitude, demonstrating a trend of the re-analysis exercises to overestimate mean annual temperature at altitudes higher than 1000 m and to underestimate it at lower altitudes. The NRMSE values present a similar trend. The high-altitude sites correspond to the stations in the Lubango region.
The ensemble means of the re-analysis exercises present a higher bias than the NCEP-r1 estimates, but led to improved values of NSE and r for the mean annual surface air temperature and mean dry season surface air temperature (Table 4 ).
Evaporation
Evaporation is amongst the most poorly measured hydroclimatic variables, which forces many studies to estimate it as the residual of a water-balance equation. Figure 11 presents maps of the mean annual evaporation for the period 1959/60-1973/74 for the in situ data and the climate re-analysis exercises, and Figure 12 show the corresponding transects. It is clear that the climate re-analysis exercises are not able to reproduce the observed mean annual evaporation distribution, but the small number of monitoring stations, particularly in the south of the country, hinders any strong conclusion on this subject. In situ data show a clear increasing trend from the northeast to the southwest, while both climate re-analysis exercises show an opposite trend. Areal mean annual evaporation in Angola obtained with the in situ data is 1945.0 mm year −1 and the homologues obtained by the climate re-analysis exercises are 891.0 and 685.5 mm year −1 for ERA-40 and JRA-55, respectively. Figure 13 shows the annual evaporation and seasonal evaporation values obtained from the re-analysis datasets against in situ records from the period 1959/60 to 1973/74, with each point representing a monitoring site and one year or season. The plots show that either the re-analysis exercises are not able to estimate evaporation values, or the errors associated with the in situ measurements are significant. 
Discussion and conclusions
The main objective of the present research was to identify the standard climate re-analysis dataset that offers the best precipitation, evaporation and temperature estimates for Angola, a region with limited records of in situ ground monitoring data. Three climate reanalysis products were examined by comparing annual and seasonal precipitation, evaporation and temperature estimates with ground observation measurements.
All re-analysis products exhibit similar correlation values between precipitation estimates and in situ records with an overall trend to underestimate precipitation. All products struggle to estimate precipitation in the dry season. The statistics used to evaluate the products do not identify any specific product that outperforms the others, although ERA-40 and JRA-55 precipitation estimates are marginally superior.
Similar results have been published in the literature. Ma et al. (2009) evaluated precipitation estimates from re-analysis exercises with ground-based measurements in China and found that ERA-40 was better aligned with the in situ observations than NCEP-r1. Although relatively small biases were calculated for China as a whole, the precipitation estimates from some regions were associated with significant estimation errors. In Brazil, results showed that the ERA-40 performed better than other models and that the validity of NCEP precipitation estimates was questionable (Getirana et al. 2011) . Voisin et al. (2008) evaluated precipitation products for global hydrological application and expressed a preference for the ERA-40. The authors also concluded that the precipitation datasets agreed reasonably on the seasonality but less on monthly anomalies, and that the largest differences in precipitation were observed in mountainous regions and regions where in situ networks are sparse, such as Africa.
These results highlight the limitations of re-analysis data to undertake precipitation variability studies over Angola. Previous studies in areas with dense gauge networks or radar coverage suggested that re-analysis exercises perform better in higher latitudes and cooler regions, where precipitation arises from frontal systems, and that convective precipitation, common in lower and warmer latitudes such as in Angola, is better characterized by satellite precipitation (Ebert et al. 2007 , Sapiano and Arkin 2009 , Vila et al. 2009 ). Pombo et al. (2015) studied satellite precipitation estimates for Angola and the results generally outperformed the re-analysis estimates at the annual and seasonal levels presented in this paper.
As expected, the power of the re-analysis exercise to estimate temperature is much better than for precipitation, as temperature is a much more stable variable in time and space. On average, NCEP-r1 provides the best results for the annual and seasonal temperatures.
The results for evaporation are not encouraging and display a significant divergence between re-analysis estimates and in situ records. The re-analysis exercises substantially underestimate in situ values and show a negative correlation with in situ records.
The validation of precipitation, evaporation and temperature exercises remains a challenge in large and poorly monitored regions because of the irregular distribution of gauges in such complex and highly variable regions. The quality of the re-analysis estimates is dependent on the number and type of observations assimilated in each exercise, and the number of gauges located in Angola and used in the re-analysis exercises is very small. Uppala et al. (2006) showed some maps with the datasets used in each re-analysis exercise, indicating that only gauges in the JRA-55
In Situ Figure 11 . Mean annual evaporation map for 1959/60-1973/74 obtained by co-kriging interpolation from ground observation measurements and re-analysis estimate (values in mm).
northwestern part of the country, near the capital city of Luanda, were used, and the results of this study show that the products perform better in that region. Part of the disagreement between the re-analysis products and the in situ observations may also be due to the scale differences. The gridded re-analysis products offer average values of each variable over a grid cell with a side length of 100-200 km, which are compared with point observations at monitoring stations. Errors arise from this type of evaluation, particularly for precipitation, which has a high spatial and temporal variability and a strong link to topography. The measurement uncertainty and the representativeness of each monitoring station may also affect the comparison results.
The results of this study show that re-analysis exercises are able to characterize the spatial distribution of precipitation and temperature and the major fluctuations of these variables over time, but are less able to reproduce the observed annual and inter-annual variability of these variables at a particular site. This suggests that re-analysis exercise estimates are not yet able to substitute for in situ monitoring records in water resources studies in Angola; but there may be advantages in the combined use of the two types of datasets. The adoption of simple or weighted ensemble means of the re-analysis results as precipitation and surface air temperature estimates may be a promising avenue for further research. While the results of this study have shown that simple means do not always lead to better results, the optimized weighted ensemble means may achieve better estimates.
